Introduction
Nearly two decades have past since description of the ®rst member of the Wnt family by Nusse and Varmus in 1982. Wnt-1 (at that time int-1) was shown to encode a secreted glycoprotein, and misexpression of Wnt-1 was found to promote mammary tumors in mice (Nusse and Varmus, 1982) . Tremendous efforts have been undertaken to decipher the intracellular signaling events triggered by this family of extracellular glycoproteins, and now many of the principal mechanisms have been elucidated. Results from different experimental systems have contributed to our present understanding of the Wnt signaling cascade, but two organisms, Drosophila melanogaster and Xenopus laevis have played a critical role in this race. The observation that Wnt-1 is the mammalian homolog of the Drosophila segment polarity gene wingless (wg) (Rijsewijk et al., 1987) was the basis for the hypothesis that both, Wnt-1 and Wg, trigger the same signaling events. Xenopus laevis came into play as a result of the observation by McMahon and Moon (1989) that overexpressing Wnt-1 in ventral blastomeres of early Xenopus embryos elicits a duplication of the embryonic axis. This axis induction assay also showed the central role of b -catenin in Wnt-1/wg signaling (Funayama et al., 1995; Guger and Gumbiner, 1995) . Even homologs of pathway genes in other species were found to be suf®cient to trigger axis duplication, e.g. Drosophila armadillo or dishevelled. In the last few years, this cross species axis duplication assay has been widely accepted to allocate newly identi®ed proteins to the Wnt-1/wg signaling cascade (for example see Fig. 2 ).
The family of Wnt proteins is divided into two functional classes based on various activity assays. Only some members of the Wnt family, called Wnt-1/wg class, are able to induce the formation of a secondary axis when injected ventrally into a 4-cell stage Xenopus embryo (review by Moon and Kimelman, 1998) . The same subset of Wnt members has been shown to transform C57mg cells (Wong et al., 1994) . Both of these effects are thought to be mediated by the Wnt-1/wg signaling cascade which will be described later in this review. The Wnt-5A class of Wnts failed in both assays; i.e. Xwnt-5A, Xwnt-4 and Xwnt-11 do not possess axis inducing capacity, and Wnt-4 and Wnt-5A do not transform C57mg cells. In addition, members of this class (Xwnt-4, -5A, -11) are able to antagonize the axis inducing effect of the Wnt-1/wg class in the Xenopus embryo, and Wnt-5A is able to reverse the transforming properties of Wnt-1 in C57 mg cells (Olson and Gibo, 1998) . For these reasons, they are discussed as tumor suppressors. In Xenopus assays, the overexpression of the three Wnt-5A class members resulted in disruption of morphogenetic movements. In zebra®sh embryos, Xwnt-5A has been shown to signal via intracellular release of calcium ions (Slusarski et al., 1997a,b) . The effects of Xwnt-4, Xwnt-5A and Xwnt-11 on cell migration can be mimicked by activating the phosphoinositol response arguing that, at least in this system, they activate a different Wnt pathway (Wnt-5A pathway or Ca-release pathway). It is important to mention that in other assays members of the Wnt-5A class might also behave like a member of the Wnt-1/wg class, e.g. Wnt-4 mediates tubulogenesis in the developing mouse kidney or induces myogenesis in a Wnt-1 like manner (Munsterberg et al., 1995; Kispert et al., 1998) .
Many studies in different developmental and cell culture systems have contributed to our present understanding of the Wnt-1/wg signaling cascade. Considering two decades of data in the ®eld we will analyze the current understanding of the Wnt-1/wg signaling pathway in Xenopus. In this proof-reading' sense, we will summarize (i) which components of the signaling pathway in Xenopus follow the general signaling scheme; (ii) but we will also stress open questions, e.g. receptor-ligand speci®city, the role of extracellular and intracellular inhibitors, the endogenous function of the Wnt-1/wg signaling; and (iii) we will look at links between the Wnt-1/wg pathway and other signaling cascades.
The general view of Wnt-1/wg signaling
Before discussing unsolved aspects of Wnt-1/wg signaling in Xenopus we have to introduce a synthesis of the signaling pathway ( Fig. 1) which is a summary of data from different experimental systems (see also reviews by Cadigan and Nusse, 1997; Peifer, 1997; Gumbiner, 1998; Moon and Kimelman, 1998) . As shown in the left part of Fig. 1 , the Wnt-1/wg signaling cascade is activated when the secreted cysteine-rich Wnt signal protein of about 40 kDa binds to a receptor of the frizzled family of seven-pass transmembrane proteins (Bhanot et al., 1996; Yang-Snyder et al., 1996) . Upon ligand receptor interaction the phosphoprotein dishevelled is activated and inhibits glycogensynthase-kinase-3b (gsk-3b). This prevents phosphorylation of the N-terminus of b-catenin thereby increasing its stability because underphosphorylated b -catenin escapes the ubiquitin±proteasome degradation pathway. b -catenin is localized in the nucleus where it binds to HMG box transcription factors of the TCF/Lef family. The heterodimer binds to DNA via the HMG box which recognizes speci®c Fig. 1 . The Wnt-1/wg signaling pathway. Left: Activated Wnt-1/wg signaling cascade leads to alteration in gene expression, driven by a b-catenin-TCF/Lef heterodimer. Right: Inhibition of Wnt-1/wg signaling results in rapid degradation of cytosolic/nuclear b-catenin via the ubiquitin±proteasome pathway. sFRP, secreted frizzled related protein; dsh, dishevelled; APC, adenomatous polyposis coli protein; GSK, glycogen-synthase-kinase-3b; GBP, GSK binding protein; Cd, conductin/axin, b, b-catenin; Lef, lymphoid enhancer factor; TCF, T-cell factor; Xnr-3, Xenopus nodal related 3; Fn, ®bronectin. TCF/Lef binding motifs while alterations in gene expression are conferred by the C-terminus of b -catenin which possesses a transactivation domain. Target genes in Xenopus are the homeobox transcription factors siamois (Brannon et al., 1997) and Twin (Xtwin, Laurent et al., 1997) , the secreted protein nodal related 3 (Xnr3, McKendry et al., 1997) and ®bronectin (Gradl et al., 1999) . The promoters of these genes contain TCF/Lef binding sites which are referred to as Wnt-1/wg response elements. Siamois and Twin induce a complete secondary axis when expressed in ventral blastomeres (Lemaire et al., 1995; Laurent et al., 1997) . Recently, it has been found independently by several groups that gsk-3b and b -catenin are joined by APC (adenomatosis polyposis coli protein) and axin/conductin in a multimeric protein complex. APC and axin/conductin promote b -catenin phosphorylation and degradation, but show no intrinsic enzymatic activity (Munemitsu et al., 1995; Zeng et al., 1997; Behrens et al., 1998; Ikeda et al., 1998; Yamamoto et al., 1998) . They may function as scaffold proteins keeping the substrate b -catenin in close proximity to gsk-3b . If the Wnt-1/wg signaling cascade is inactive b -catenin is constitutively degraded by the multimeric protein complex that targets b -catenin to the ubiquitin±proteasome degradation machinery (right side of the cartoon in Fig. 1 ). The signaling cascade can be blocked by several secreted antagonists some of which compete with the receptor for Wnt binding.
Variants and gaps of Wnt-1/wg signaling in Xenopus
The Wnt-1/wg signaling scheme (Fig. 1 ) is presented as a tidy pathway thereby neglecting unanswered questions, e.g. it is not clear for all known components (intracellular components are listed in Table 4 ) how they contribute to signal transduction. Although several receptors are cloned in Xenopus (Table 2, discussed below) or even more in other species, we have no idea how they activate -directly or indirectly -the phosphoprotein dishevelled (dsh). The same holds true for dsh itself. Previous reports suggested that translocation of dsh to the plasmamembrane might be important for Wnt-1/wg signal transduction (Yanagawa et al., 1995; Yang-Snyder et al., 1996) . It is also interesting to note that dsh colocalizes with axin when it is overexpressed in Xenopus embryos (Fagotto et al., 1999) . Taking into account a side view on Drosophila (Yanagawa et al., 1995; Axelrod et al., 1998) , posttranslational modi®cation and subcellular localization of endogenous Xenopus dsh have to be re-checked for Wnt-1/wg speci®city, because membrane-associated dsh was found to be required for induction of planar cell polarity but not for wg signaling.
Controlling gsk-3b activity is a central point of the Wnt-1/wg signaling pathway, a fact underlined by the large number of proteins that directly bind to the kinase. Its activity might be regulated by exchange or structural modi®ca-tion of these proteins which makes a binding of dsh to axin or conductin intriguing. Axin, for example, is known to interact with the protein phosphatase 2A (PP2A) (Hsu et al., 1999; Fagotto et al., 1999; Seeling et al., 1999) .
In addition to axin, conductin and APC that all support gsk-3b activity, a small gsk-binding protein (GBP) with inhibitory function has been identi®ed in Xenopus (Yost et al., 1998) . GBP can inhibit gsk-dependent phosphorylation of a protein substrate and is required for endogenous axis formation as was demonstrated by the elegant antisense oligonucleotide knock-out approach: lack of GBP RNA leads to ventralized embryos. Human orthologs to GBP are the FRAT genes (Yost et al., 1998) ; however, their involvement in mammalian Wnt-1/wg signaling has not been con®rmed yet.
Among the other proteins arranged in the multimeric complex a Xenopus homolog of conductin has not been found. However, the inhibitory function of murine conductin on axis formation in Xenopus has been demonstrated ( Fig. 2 ; Behrens et al., 1998) . Most likely, Xaxin, recently isolated by Hedgepeth et al. (1999) , is suf®cient for early development. Nevertheless, an endogenous function of Xaxin in axis formation has to be veri®ed by anti-sense oligo knock-out or dominant-negative expression experiments. In case of APC, a Xenopus homolog was cloned but behaved unexpectedly (Vleminckx et al., 1997) : Most strikingly, the Xenopus APC as well as the central domain of the human homolog induced a secondary axis when expressed at the ventral side. APC expression did not decrease b -catenin as it is known from colon carcinoma cell lines. APC axis-inducing activity requires the presence of b -catenin since the effect was abolished by coexpression of C-cadherin which sequesters b -catenin to the plasmamembrane. These data indicate that at the ventral side of the Xenopus embryo b-catenin might be protected from degradation but also from signaling by binding to other proteins which appear to be interchangeable. This is also con®rmed by the observation that the transcription factor LEF-1 can recruit b-catenin thereby inducing a secondary axis when expressed in ventral blastomeres (Behrens et al., 1996; Huber et al., 1996) . The contradiction concerning the role of APC in axis formation seems now to be solved because a second APC has been identi®ed most recently which blocks endogenous axis formation (van Es et al., 1999; Destree and Clevers personal communication) . However, the relationship between both APC molecules and their in¯uence on b -catenin degradation is still unclear. As long as the regulation of the b -catenin pool by Xaxin or conductin homologs and by the ubiquitin-proteasome mechanism is not demonstrated in Xenopus embryos, the roles of the two APC proteins remain unanswered. A ®rst indirect hint for the presence of an ubiquitin-proteasome pathway in Xenopus was given by the work of Marikawa and Elinson (1998) and Lagna et al. (1999) . They identi®ed b TrCP, a homolog to Drosophila slimb and yeast Cdc4, as negative regulator of Wnt-1/wg in secondary axis formation. b TrCP consists of a WD40-repeat and a F-box. The latter is required to block Wnt-1/wg signaling and was shown in yeast to bind the ubiquitin ligase. bTrCP transcripts are localized in the vegetal cortex of the egg (Hudson et al., 1996) and thus might be important to regulate b -catenin stability in process of cortical rotation.
Who meets whom? Ligand±receptor speci®cation
Currently, the most confusing part of the Wnt-1/wg signaling cascade concerns the categorization of signals and receptors. Up to now, 16 different Xwnt molecules have been identi®ed in Xenopus, most of which have been assigned to the Wnt-1/wg pathway, some to the Xwnt-5A pathway, and four have not been categorized yet (see Table  1 ). Their temporal and spatial expression pattern is well studied by in situ hybridizations, however, with the exception of Xwnt-8, which plays a role in mesoderm speci®ca-tion after onset of zygotic transcription, little is known about the speci®c function of the other Xwnt molecules. Hints will be given later.
Even less is known about the ®ve frizzled related receptors cloned in Xenopus (Table 2 ). Comparing their spatial distribution in the Xenopus embryo with that of Xwnt molecules a correlation is indeed found during neurula and tadpole stages (compare Tables 1 and 2 ). At late blastula and early gastrula stage precise localization data are only reported for Xfz-8 (Deardorff et al., 1998) . Its expression in the deep cell layer of the dorsal marginal zone and Spemann organizer partially overlaps with the pattern of Xwnt-11 while Xwnt-8 is excluded from this area. Overexpression of Xfz-8 is suf®cient to elicit axis duplication (Deardorff et al., 1998; Itoh et al., 1998) and Xwnt-8 and Xfz-8 act synergistically in this process. These data are con®rmed by Hsieh et al. (1999a) showing a direct binding of Xwnt-8 to Xfz-8.
Xfz-3 is predominantly expressed from late gastrula stage and restricted to nervous tissue and the pronephros anlage (Shi et al., 1998) . It does not interfere with Wnt-1/wg signaling and early mesoderm differentiation, however, its overexpression inhibits the elongation of the embryo and thus mimics Xwnt-5A effects. There are evidence that Xfz-7 is also mediating the Xwnt-5A pathway (Medina and Steinbeisser, MPI Tubingen, personal communication). It has been cloned independently and found expressed in cranial neural crest, neural tube, eye, heart anlage and pronephric duct (Medina and Steinbeisser, MPI Tu Èbingen, pers. comm.; Gradl, unpublished data: accession number AF114151; Wheeler and Hoppler, 1999) .
Following the careful assignment of frizzleds to functionally different ligands, a certain irritation is caused by the Fig. 2 . Conductin-induced ventralization of Xenopus embryos. Embryos were injected into the dorsal blastomeres at the 4-cell stage with mRNA of the indicated components. Expression of murine conductin inhibits endogenous axis formation. Rescue is achieved by co-injection of signaling components downstream of gsk-3b , e.g. b-catenin, Lef-1 or siamois. A conductin mutant lacking the interaction sites for b-catenin and gsk-3b induces a secondary axis. LEF-1Db BD, LEF-1 construct lacking the b-catenin binding domain (Behrens et al., 1996) ; conductinDRGSDbBD, conductin construct lacking gsk-3b and b -catenin binding domains (Behrens et al., 1998) . Ku and Melton, 1993; Du et al., 1995 following contradicting results: Xfz-8 acts synergistically with Xwnt-5A in secondary axis formation (Deardorff et al., 1998; Itoh et al., 1998) and human fz-5 expression in Xenopus can link Xwnt-5A to the Wnt-1/wg pathway . These data indicate that failure of Xwnt-5A class members to activate the Wnt-1/wg pathway might be due to the lack of a corresponding receptor. Indeed, when overexpressed after MBT (mid blastula transition), Xwnt-5A is able to stabilize b-catenin . In this context it is interesting that in the chicken limb bud Xwnt-7A, which is a member of the Wnt-1/wg class, does not signal through b -catenin and Lef-1 to induce Lmx (Kengaku et al., 1998) . Taking these observations into consideration it might be necessary to categorize different Wnt-signaling pathways by the receptors used and not by the ligands. Furthermore, receptor and/or ligand overexpression should be carefully interpreted: If ligand receptor interactions are speci®ed by different binding af®nities, thereby de®ning certain thresholds, some reported overexpression experiments might be meaningless because they might overrun the ®ne tuning given by the individual binding properties. The ®ndings of receptor/ligand effects reported here diverge to some extent from previous assignments to activity classes, which emphasizes that the detailed characterization of Wnt/frizzled interactions as well as frizzled speci®c signal transmissions will be one future challenge.
Spatial restriction of Wnt-1/wg signaling by extracellular components
Although ligands and receptors of the Wnt-1/wg signaling pathway are coexpressed in certain tissues, the outcome of a signaling event depends on various factors outside the cell. Wnts are secreted proteins bound to extracellular matrix molecules and genetic analyses in Drosophila revealed the signi®cance of glycosaminoglycans for Wnt-1/wg signaling (summarized by Cumberledge and Reichsman, 1997) . Although the involvement of heparan sulfate proteoglycans (HSPG) in Xenopus mesoderm differentiation is known (Itoh and Sokol, 1994) , experiments which specify the binding of individual growth factors, e.g. Xwnt-8, are lacking. It is speculated that HSPG may be required to establish gradients or to enhance signaling (see Cumberledge and Reichsman, 1997).
Another dimension for local restriction of Wnt action is provided by soluble antagonists of the Wnt-1/wg signal, which represent a group of several unrelated proteins (Table 3 ). To test their inhibitory effect on Wnt-1/wg signaling two different strategies that distinguish between the early pre-MBT and the late post-MBT signaling are performed. To test for antagonism of pre-MBT function of Wnt-1/wg, Xwnt-8 RNA, which is translated before MBT, is injected into the ventral blastomeres of the 4-cell stage with or without a putative antagonist. Embryos are examined to determine whether the axis duplication induced by Xwnt-8 is blocked. The post-MBT function of Wnt-1/wg signaling is the ventralization of the mesoderm as is demonstrated by dorsal injection of Xwnt-8 cDNA under control of a strong promoter (CSKA or CMV) which drives expression after the onset of zygotic gene transcription. In this case a ventralized phenotype is observed which can be rescued by coinjection of antagonistic constructs.
A subfamily of antagonists, consisting of Frzb-1, Frzb, (Wang et al., 1997b; Xu et al., 1998) or immunostainings of Frzb at cell surfaces expressing a membrane anchored Wnt-1 (Leyns et al., 1997) . While Frzb-1/Frzb transcripts were found localized dorsally, in the Spemann organizer, sizzled RNA was restricted to the most ventral part of the marginal zone, opposite to the organizer region (Salic et al., 1997) . FrzA expression starts later in development with the onset of neuralization. Transcripts were localized in neural tissues, but also heart anlage, pronephros and endoderm (Xu et al., 1998) . Frzb-1/Frzb and szl are able to block early and late Wnt-1/wg signaling whereas FrzA antagonizes only the late effect indicating that the early and late Wnt-1/wg signal have different binding properties. Since Frzb-1/Frzb and szl are expressed post MBT they cannot function in early Wnt-1/wg signaling. Instead, their localizations at the dorsal (Frzb/Frzb-1) or ventral (szl) side of the future mesoderm argue for a function in restricting Xwnt-8 activity to the lateral mesoderm. FrzA, expressed from neurula stage onwards, may specify the activity of different Xwnt signals in differentiation of neural crest cells, somitic mesoderm and heart anlage.
In addition to these sFRPs, three structurally unrelated secreted Wnt antagonists with no sequence homology to the CRD-containing antagonists have been isolated that inhibit Wnt-1/wg signaling. Two of them, cerberus and dickkopf (dkk-1) are expressed in the Spemann organizer indicating that they likely in¯uence Wnt-1/wg function in mesoderm speci®cation. However, it was experimentally demonstrated that dkk-1 is able to inhibit both the early and late Wnt-1/wg signaling (Glinka et al., 1998) . Cerberus, initially identi®ed as head inducer (Bouwmeester et al., 1996) inhibits Wnt-1/wg and BMP-4 signaling (Glinka et al., 1997) . Although expressed post-MBT in the Spemann organizer, cerberus is able to block pre-MBT Wnt-1/wg signal as tested in the previously described secondary axis formation assay (Glinka et al., 1997) . Whereas cerberus directly binds to and thereby inhibits Xwnt-8 (Piccolo et al., 1999 ) the mechanism of dkk-1 action is not understood. However, it seems certain that it is a secreted protein that acts upstream of frizzled. The third Wnt antagonist, WIF-1, structurally unrelated to sFRP, dkk-1 and cerberus, is expressed in paraxial mesoderm, notochord, branchial arches and neural crest derivatives (Hsieh et al., 1999b) . Expression pattern and overexpression studies argue for a function in somitogenesis. Despite this fact, WIF-1 binds to Xwnt-8 and is able to block the late ventralizing Xwnt-8 pathway.
Taken together, it seems that speci®c localization of the antagonists tells us more about their role in controlling Wnt-1/wg activity than their behavior in assays blocking different Wnt-1/wg functions.
Nuclear factors modify the signal outcome
In the last 2 years we have learned that the combination of TCF/Lef-1 HMG box transcriptions factors and their cofactors determines the ultimate output of Wnt-1/wg signaling (Table 4) . In Xenopus, XTcf-3 is maternally expressed and its transcription persists throughout Xenopus embryogenesis while XLef-1 RNA was found post-MBT . The HMG box among the TCF/Lef family members is highly conserved while the C-terminus differs in length. Three domains in these transcription factors are important: (1) the N-terminal b -catenin binding site, (2) the HMG box for DNA interaction (Behrens et al., 1996; Molenaar et al., 1996) and a domain in between that can bind groucho (Grg) proteins . The latter seems to differ greatly among the TCF/Lef family members, as only a subgroup is able to bind groucho, e.g. hTcf-1 and XTcf-3 interact with murine Grg-5, XGrg-4 and XGrg-5 while murine Tcf-3 and Tcf-4 do not . Human Lef-1 binds to TLE-1, a human Grg homolog (Levanon et al., 1998), but not to XGrg-5 and mGrg-5 . This might explain why murine Lef-1 but not XTcf-3 is able to induce a secondary axis (Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996) . Binding of Grg proteins to XTcf-3 has dramatic effects: while expression of XGrg-4 suppresses endogenous axis formation and axis duplication by b -catenin, XGrg-5 enhances the effect of b-catenin . Using different Xenopus cell lines we demonstrated that repression of the ®bronectin promoter in Xenopus epithelial cells is due to the lack of XLef-1 and to the inhibitory effect of Grg proteins on XTcf-3 (Gradl et al., 1999) . Since XTcf-3 is present before MBT it might be responsible for driving the endogenous expression of the homeobox transcription factors siamois and Xtwin which regulate dorsoventral axis formation in Xenopus. Most interestingly, loss of the TCF/Lef binding site in the siamois promoter elevates its activity at the ventral side of the embryo indicating that siamois is repressed in absence of nuclear bcatenin (Brannon et al., 1997) . In this context it is important to understand how the balance between groucho proteins is controlled and how b -catenin is able to activate siamois and Xtwin under these circumstances. Beside groucho additional proteins have been shown to interact with TCF/Lef or bcatenin. XCtBP encodes a different transcriptional repressor that is able to interact with XTcf-3 (Brannon et al., 1999) . Binding to TCF and altering the wg phenotype was also reported for CREB binding protein (dCBP) in Drosophila (Waltzer and Bienz, 1998) . Most strikingly, dCBP is able to acetylate TCF of Drosophila which lowers its binding af®-nity to armadillo, the b -catenin homolog. The zinc ®nger protein Teashirt has been shown to bind armadillo and to modulate wg signaling (Gallet et al., 1999) . Furthermore, cell culture data indicate Pontin52 links the b-catenin±TCF/ Lef complex to the TATA box binding protein (TBP) in vivo (Bauer et al., 1998) . Whether these additional proteins are expressed in Xenopus and/or modulate Wnt-1/wg signaling remains to be clari®ed.
What Wnts really do in Xenopus development
Initially Xwnts were identi®ed by their capacity to rescue UV-treated embryos (Sokol et al., 1991; Smith and Harland, 1991) . However, expression of Xwnt-8 in naive ectoderm (animal cap assay) cannot induce mesodermal tissue as bFGF, Vg1 or activin does. Instead, Xwnt-8 alters the competence of cells to respond to mesoderm inducers (Christian et al., 1992; Sokol, 1993) . This also holds true Spevak et al., 1993; Marikawa and Elinson, 1998 for the downstream components b -catenin and siamois. Neither b-catenin nor siamois expression in naive ectoderm results in mesoderm induction (Guger and Gumbiner, 1995; Carnac et al., 1996) . Dorsal markers such as goosecoid, Xnr-3 and chordin are activated by siamois, but the mesodermal marker Xbra is not. b -catenin is able to dorsalize ventral mesoderm (Carnac et al., 1996) as it was formerly reported for Xwnt-8 (Christian et al., 1992) . In elegant experiments combining animal caps with vegetal mass from b -catenin de®cient or Xwnt-8b-catenin rescued embryos Wylie et al. (1996) con®rmed that b -catenin has dorsalizing activity in means of a competence modi®er as it has been demonstrated for Xwnt-8 (Christian et al., 1992; Sokol, 1993) .
Extended studies in Xenopus have demonstrated that an endogenous dorsalizing activity is required before MBT (reviewed by Gumbiner, 1998; Moon and Kimelman, 1998) . However, up to now this activity could not be conferred to an endogenous Xwnt molecule. Moreover, expression of dominant-negative mutants of Xwnt-8 or dsh at the dorsal side in Xenopus embryos did not result in inhibition of endogenous axis formation (Hoppler et al., 1996; Sokol, 1996) . In contrast, several downstream components of the Wnt-1/wg cascade, e.g. b -catenin, GBP, TCF/ Lef transcription factor, have been shown to be essential for endogenous axis formation (Heasman et al., 1994; Behrens et al., 1996; Molenaar et al., 1996; Yost et al., 1998) . These discrepancies led to the hypothesis that b-catenin but not a Xwnt protein acts as dorsal determinant. This idea is supported by the ®ndings that maternally b -catenin is translocated to the dorsal side via the microtubuli system which is activated by fertilization Larabell et al., 1997) . Moreover, nuclear localization of b -catenin at the dorsal side is detected at 16-cell stage, but the nuclear signal is most prominent around MBT Schneider et al., 1996) . In addition to b -catenin other molecules are discussed as dorsal determinants, e.g. noggin or Vg1. However, key lines of evidence suggest that the initial dorsal activity is conferred to b -catenin: (1) cortical egg cytoplasm containing dorsalizing factors induces nuclear localization of b -catenin and activation of siamois and Xnr-3 Darras et al., 1997) ; (2) axis-de®cient embryos derived by b -catenin depletion are rescued by expression of noggin, siamois, BVg1, bFGF and tBR but not by dn-gsk (Wylie et al., 1996 ; see also below). Thus, it seems that components of the Wnt1/wg cascade downstream of gsk-3b play an essential role in formation of the dorsoventral axis. However, further studies are required to elucidate the signaling mechanism that drives accumulation of b -catenin on the dorsal side and its translocation into the nucleus.
Xwnt-8 activity is essential for post-MBT development ventralizing the mesoderm. This was demonstrated by injecting Xwnt-8 DNA under a strong ubiquitously active promoter at the dorsal side leading to ventralized embryos lacking forebrain and notochord . Further support came from expression of dnXwnt-8 which results in dorsalized phenotypes with enlarged heads and notochord but shortened axis due to reduced lateral and ventral mesoderm (Hoppler et al., 1996) . Taking into account that Xwnt-8 expression is excluded from the Spemann organizer and Xwnt antagonist (frzb, cerberus, dkk-1, szl) are expressed at the dorsal and ventral side of the marginal zone, Xwnt-8 function is clearly assigned to specify lateral and somitic mesoderm.
But, what are the functions of the other members of the Wnt-1/wg family, expressed later in Xenopus development? In the absence of functional studies, it is assumed from in situ hybridizations showing most Xwnts expressed in different brain areas (Table 1) , that they contribute to the patterning of neural tissue. The ®rst evidence for a role of Wnt in neural patterning was given by expression of Xwnt-3A in animal caps in combination with two different neural inducers, follistatin and noggin. Suppression of anterior and activation of posterior neural marker genes was observed which suggests Xwnt-3A may play a role posteriorizing the neural tube . These ®ndings were con®rmed by further studies including the analysis of neural crest marker genes: coexpression of Xwnt-7B, Xwnt-1 or Xwnt-3A together with noggin resulted in downregulation of the anterior neural marker otx and activation of neural crest markers Xtwi, Xslug and Krox20. Xwnt-3A activity differs a little from that of Xwnt-7B as it has a stronger posteriorizing effect. Although it has been reported by two groups Chang and HemmatiBrivanlou, 1998 ) that neural crest induction was not observed when Xwnt-8 or Xwnt-5A was used in combination with noggin, Xwnt-8 is able to induce neural crest cells in presence of chordin (LaBonne and Bonner-Fraser, 1998) . Data coming from studies in zebra®sh revealed that Wnt-1/ wg signaling may also play some role in specifying the fate of neural crest cells because it promotes pigment cell formation at expense of neurons and glia (Dorsky et al., 1998) .
Despite the contribution of Xwnt signals in mesoderm speci®cation and neural crest induction no further function of Wnt-1/wg signaling in Xenopus development has been elucidated yet. More data are available from knock-out mice where it was shown that Wnt-4 is required for tubule formation in kidney differentiation (Stark et al., 1994; Kispert et al., 1998) , while Wnt-7 is essential for the development of the reproductive organs (Parr and McMahon, 1998) . The expression pattern of Xwnt-4 and that of different receptors (Xfz-7 and Xfz-8) might point to a role for Xwnt-4 in Xenopus kidney development which has to be shown by future functional assays.
What other factors in¯uence the Wnt outcome?
Many factors are described that contribute to axis formation and mesoderm patterning in Xenopus (excellently reviewed by Heasman, 1997) . There is no doubt that the earliest dorsalizing activity (pre MBT) is conferred by b -catenin. But, to pattern the mesoderm and to neuralize ectoderm BMP2/4 signaling has to be blocked at the dorsal side allowing activin or Vg1 to render their signaling functions. Siamois, as a target of the Wnt-1/wg pathway plays an essential role in this context. It is able to induce chordin which is a direct antagonist of BMP-4 function, but it can also negatively regulate BMP-4 transcription (Carnac et al., 1996) and thus makes key contribution to the formation of the Spemann organizer. In addition, siamois acts synergistically with the activin dependent induction of the organizer marker gene goosecoid (Crease et al., 1998) . This situation also addresses the intriguing question whether the Wnt-1/wg pathway directly interferes with BMP2/4 or activin signaling. To date there is no evidence for such an interaction. The activin pathway seems to act in parallel and subordinated to b -catenin (Wylie et al., 1996) with respect to the formation of the Nieuwkoop center, the dorsal-vegetally localized activity responsible for induction of the Spemann organizer. The situation seems different for postMBT Wnt-1/wg function: here BMP2/4 is required for Xwnt-8 expression. However, BMP2/4 does not simply act upstream of Xwnt-8 as repression of BMP2/4 signaling cannot be rescued by Xwnt-8 overexpression. Surprisingly, BMP2/4 can replace Xwnt-8 function which also strongly argues for parallel acting signaling cascades (Hoppler and Moon, 1998) . The same holds true for Xwnt-8 and bFGF signaling. Although Xwnt-8 modi®es bFGF response from ventro-lateral to dorsal mesoderm formation (Christian et al., 1992) no direct interaction of the signaling pathways is observed. One might suspect that p90rsk, which is a downstream component of bFGF signaling, may interfere with Wnt-1/wg signaling because it inhibits gsk-3b . However, Torres et al. (1999) most recently reported that inhibition of the gsk-3b by p90rsk increases only the membrane bound b -catenin pool and does not cause axis duplication con®rming previous cell culture data by Cook et al. (1996) . p90rsc is not the only kinase that can phosphorylate serine 9 of gsk-3b and thereby block its enzymatic activity. Similar effects were reported for protein kinase B (PKB), protein kinase C (PKC) and integrin linked kinase (ILK) (Cross et al., 1995; Cook et al., 1996; Delcommenne et al., 1998) . Expression of a constitutively active form of PKB had no in¯uence on the endogenous b -catenin pool (Torres et al., 1999) . However, Novak et al. (1998) observed a translocation of b -catenin into the nucleus upon overexpression of ILK which initiated activation of an arti®cial TCF/Lef responsive promoter. More indirect evidence for the involvement of PKC in Wnt-1/wg signaling were given by Cook et al. (1996) . Using wg-expressing cells they demonstrated that wg-dependent inactivation of gsk-3b requires the activity of a TPA sensitive PKC. Two different modes of PKC activity are discussed: (1) a linear involvement in the Wnt-1/wg cascade upstream of gsk-3b or (2) activation of a distinct signaling pathway which interferes with Wnt-1/wg signaling. PKC activity has not been shown to be a prerequisite for inhibition of gsk-3b upon Wnt-1/wg signaling in the Xenopus embryo. Instead, there are lines of evidence that activation of PI-response, which presumably includes PKC activation, leads to inhibition of Xwnt-8 effects (Torres et al., 1996; Slusarski et al., 1997b) or loss of dorsal axis formation (Ault et al., 1996) .
Another signal pathway that might be important in context of cross-talk with Wnt-1/wg is the delta/notch pathway. Notch signaling also requires dsh for signal transduction, and a competition between notch and Wnt-1/wg signaling might be expected. The Xenopus homolog Xotch is expressed in the region bordering the neural plate including the neural crest area (Coffman et al., 1990 (Coffman et al., , 1993 where it could interfere with Xwnt-7-or Xwnt-3A-mediated induction of neural crest cells. Analyzing the possible cross-talk between Xotch and Wnt-1/wg signaling might be related to the subcellular compartmentation of dsh which is currently an open question in the context of activation of the Wnt-1/ wg pathway.
Conclusions
Summarizing our current knowledge of Wnt-1/wg signaling in Xenopus reveals many unresolved questions. After the enthusiasm generated by our recent understanding of how the Wnt signal is transmitted into the nucleus, we are brought back to earth with the knowledge that ligand/receptor interactions, the role of dsh and the regulation of bcatenin stability as well as the modulation of the cell type speci®c response on gene expression are poorly understood. We have some hints about the endogenous biological functions of Wnt-1/wg signaling which must be further investigated. Thus, the story of Wnt-1/wg signaling in Xenopus will continue well into the next millennium.
